The dielectric constant ( ) of a polymer can significantly be increased by blending it with conducting fillers. Given our interest in developing highly efficient and long-lasting actuators for muscle replacement, we set out to explore all key issues which could help to reduce the required voltage and at the same time ensure long term stability. The presentation describes experiments which prove that the water content in carboxylic acid-decorated phthalocyanines (Pcs), commonly falsely referred to oligo-Pcs, is a critical factor determining the absolute value of . Several publications on values of these oligo-Pcs led to contradicting conclusions because the effect of water was not sufficiently considered. The water content is relevant because o-Pcs are often used as fillers to increase of polymer matrices. This presentation also describes an experimental evaluation on whether or not as-prepared polyaniline (PANI) and poly(divinyl benzene)-encapsulated (PDVB) PANI can be reasonably used as high fillers in matrix materials. For this purpose several blends with polystyrene-polybutadiene block copolymer gels (PS-b-PB) and polydimethyl siloxane (PDMS) were prepared and their dielectric properties investigated. The former part of this presentation has in part already been published (D. M. Opris et al. Chem. Mater. 20(21), 6889-6896, 2008), the latter is completely new.
INTRODUCTION
Dielectric elastomer actuators (DEA) came recently more into the focus of both basic and applied research because of their fascinating potential applications including mobile robots, pumps and valves, loudspeakers, sensors, lenses, and perhaps most importantly artificial muscles. 1 DEA are made from a thin elastic film sandwiched between two compliant electrodes. When an electric voltage is applied, an electrostatic pressure is acting on the film compressing it in thickness while elongating it in plane. This way, electrical energy is converted into mechanical work. However, a broad application of DEA is hindered by the required high driving voltage which is in the kV regime. 2 In order to lower this voltage without having a negative impact on elongation, the films should be as thin as possible, the polymers' elastic modulus as low as possible, and its as high as possible. 3 To achieve matrices with high , highly polarizable additives [e.g. phthalocyanines (Pcs), ceramics] as well as conductive fillers such as PANI, polythiophene, C-black, carbon nanotubes, metals have been incorporated into elastomer matrices. 4 This contribution describes the three fillers with high Pc, PANI particles, and PDVB encapsulated PANI which were tested to increase the matrices' effective . Pc was selected because of its outstandingly high (> 10 3 ). 5 It was hoped that low volume fractions may be sufficient to achieve the desired dielectric properties and blending would therefore not deteriorate the elastic properties of the matrix. Commercial PANI base (molar mass 5,000 g/mol) was selected because it is well known that it can significantly increase of a polymer when it is blended close to percolation. Polyurethanes are a commonly used matrix material for such purpose. Here PS-b-PB gels were used as novel matrix material because it was expected that this thermoplastic gel could easily be blended without loosing its mechanical properties. PANI particles are known for their high agglomeration tendency. In order to prevent this from happening as far as possible, it was tried to coat PANI nanoparticles with insulating PDVB. The encapsulation process will be described as well as the blending of the encapsulation product into both PS-b-PB and polydimethyl siloxane (PDMS).
PHTHALOCYANINES AS HIGH DIELECTRIC CONSTANT FILLERS
So-called o-Pcs were often used as fillers to increase of a polymer. Their blends into polyurethanes led to very high materials. 6 A volume fraction as low as 3.5 % of o-CuPc decorated with a poly(acrylic acid) was sufficient to increase of a polyurethane matrix to 4186 (tan ~ 0.5) at 20 Hz. A strain of 8.3 % was observed under a field of 11.5 V/ m at 1 Hz. 6 o-Pcs are usually synthesized from pyromellitic anhydride or 1,2,4,5-tetracyanobenzene either in solution or in melt. 7 In a long term project at EMPA, which deals with dielectric elastomers for actuators, it became evident that the literature describing the dielectric properties of o-Pc's is rather confusing, partially even contradicting. In order to provide a sound basis for the reproducible and reliable preparation of elastomers for actuator technology, we set out to explore the reasons for these conflicting reports. In a recent publication we described that some of the o-Pc's reported in the literature consist basically of monomeric species. 8 This was concluded from a comparison of the products of a literature procedure for o-Pcs with those of a procedure which intrinsically gave strictly monomeric Pc. Whereas the former products when measured at 20 °C and in air gave irreproducible values the latter products gave fully reproducible -values if the water content was strictly controlled. To illustrate the irreproducibility of the former products Figure 1 shows the dielectric properties of three independent preparations which macroscopically were all performed so as to give exactly the same product. The samples show grossly different absolute values at frequency dependence. According to the literature this difference is due to the polymerization degree and doping by oxygen. 5 Increasing bathochromic shifts of the long wavelength UV absorption of o-Pcs with increasing numbers of conjugated Pc units is a well-known effect. 9 If the differences in the dielectric constant were due to the polymerization degree, such a bathochromic shift was to be expected for the samples with higher dielectric constant. However, the UV spectra in aqueous NaOH of different samples exhibited the same absorption band at = 680 nm, typical for monomeric phthalocyanines. In addition to this, another absorption band at = 830 nm was observed. Based on mass spectrometry the absorption at = 830 nm was assigned to the dimer. Because of the almost identical appearance of the UV spectra shown in Figure 2 with those of "o-Pcs" reported in the literature, it is concluded that the latter were recorded from basically monomeric structures. This was finally clarified by the synthesis of the strictly monomeric Pc 1 (Scheme 1). The dielectric properties of pressed pellets of 1 were investigated as a function of frequency. It was observed that when exposing powdered 1 to water vapor, a high increase of was found. The low frequency dielectric constant of the pellets raised by four orders of magnitude from ~12 to > 10 5 when increasing the water content by a factor of 2 from 6.4 % to 14.7 % (w/w), respectively ( Figure 3 ). This strong dependence on the water content causes problems in obtaining blends with constant water content and thus renders fabrication of actuators with long-term stability complicated. A possible way to overcome this is to replace the water with the less volatile imidazole. This compound forms similar hydrogen bond networks like water and its transport properties in the liquid state are also similar to that of water. 11 Work in this direction is underway.
PANI AND PDVB ENCAPSULATED PANI
Conducting polymers found a large number of applications including sensors and actuators, antistatic formulations, electronic devices, and conducting paints to name a few. It is well known that the dielectric constant of a matrix can be significantly increased by conductive fillers near the percolation threshold. 12 PANI has the advantage of combining easy preparation from low cost materials with good environmental stability. In addition to this, it has a low elastic modulus and thus will not change the blend's modulus very much. However, it is very poorly soluble and difficult to process. Its solubility and thus its compatibility with matrices can be much increased by either covalently attaching long alkyl chains to the phenyl rings or by protonating its base form with long chain sulphonic acids. 13 This latter process converts PANI into a "hairy" polyelectrolyte. Thus PANI can be made soluble in common organic solvents including toluene, tetrahydrofurane, xylene, etc. and has often been used to increase of a polymer matrix. Zhang blended PANI into a polyurethane matrix and obtained an increase of the dielectric constant.
Based on these findings, we tried to prepare blends of PANI into a PS-b-PB. In order to increase the solubility of PANI into toluene, PANI base (molar mass 5,000 g/mol) was doped with dodecylbenzene sulfonic acid (DBSA). 13 Composites of PS-b-PB with different concentration of doped PANI were produced. The films were prepared by casting from a toluene solution at room temperature. The dielectric constant increased significantly with PANI concentration. Certain composites showed > 1000 (Figure 4) . However, the dielectric loss increased significantly (Figure 4) , so that such materials were obviously too conductive and could not reasonably be used as actuators. It should be also mentioned that processing has very much influence on the dielectric properties of the blends. For example, when the solvent was removed fast, the blends showed a lower by a factor of 10 Agglomerated particles due to incompatibility of the conductive filler to the matrix, may induce electrical breakthroughs due to field enhancement between the particles. 12 To avoid such a situation it was of primary importance to fabricate a composite with well dispersed conducting particles. A way to increase the compatibility of PANI with a matrix is to encapsulate it into insulating polymers. This can be achieved using miniemulsion polymerization technique. They produce functional polymer colloids with size ranging from 30 to 500 nm. It is presently widely used to encapsulate various materials. 15 In order to achieve PANI nanoparticles encapsulated into a PDVB shell, the PANI particles were prepared as follows using a modified literature procedure. 16 Aniline was polymerized in an acidic aqueous solution containing poly(styrenesulfonic acid) as a stabilizer. Stable nanoparticles with sizes around 100 nm (dynamic light scattering) were obtained as stable dispersions in water. Their incorporation into PDVB was tried by mixing stabilized PANI dispersions in water with divinyl benzene, hexadecane as hydrophobe, initiator AIBN, and surfactant solution. The best surfactant for this system was Tween 80. Table 1 presents the reaction conditions of two experiments where the amount of the divinyl benzene added to the mixture was varied and the amount of PANI kept constant. These polymerizations produced nanometer-sized particles. According to scanning electron microscopy (SEM) ( Figure  5 ) the average diameters are 280 for the sample mp-1 and 200 nm for mp-2, respectively. The amount of PANI base incorporated into PDVB was determined by elemental analysis and found to be 13 % for the first and 15 % for the second polymerization. In order to find out whether core-shell particles had actually formed, XPS measurements were done. Based on nitrogen contents it was concluded that this was not the case but rather many PANI particles were dispersed into larger PDVB particles. The encapsulated particles were purified by dialysis and dried in a vacuum oven at 120 °C. The powder obtained was then ball milled for 10 min. at 20 Hz using balls of Ø = 3 mm. Defined amounts of encapsulated PANI nanoparticles were redispersed both into thermoplastically processed PS-b-PB gel and polydimethylsiloxane. For the former composite material it was found that the mechanical properties changed significantly to the worse. For the latter the dielectric properties of prepared films are shown in Figure 6 . The at low frequency for the latter blends increased with increasing amounts of blended particles from = 2.3 for the pure matrix to almost = 5. The dielectric loss was less than 0.05 at low frequency. Due to too small weight fractions of PANI in the encapsulated particles, the achievement of a reasonable value of the blends required fractions of encapsulated particles in PDMS too high to ensure good elastic properties. Further work is under way to replace PDVB with a softer PDMS.
ANALYTICAL METHODS
The particles size was measured using a Beckman Coulter LS 230 instrument and a scanning electron microscope (Hitachi S-4800 instrument). UV-vis absorption spectra were recorded with a Cary 50 spectrophotometer. Dielectric constant measurements were done in the frequency range of 20 Hz to 1 MHz using an HP 4284A LCR meter. The amplitude of the probing ac electric signal applied to the samples was 1 V. The dielectric constant was determined from the capacitance
, where A is the area, d is the thickness of the capacitor, and 0 is the vacuum permittivity, . Pellets were prepared by pressing at 9 tons (Ø = 13 mm) and were then covered with silver paste electrodes.
MATERIALS
All chemicals were purchased and used as received. Polystyrene-polybutadiene block copolymer gels was kindly provided by Revoflex. A description of the mechanical properties is given elsewhere.
17 Pc (C) was prepared according to literature. 7 PANI nanoparticles were prepared according to a modified literature procedure. 16 6. SYNTHESIS
Preparation of PS-PB-g/PANI composite
Solutions of appropriate amounts of PANI/DBSA (1:0.5) in toluene (15 wt.%) were added to a solution of PS-b-PB in toluene (10 wt.%) to obtain five different series of composite with PANI contents from 7 to 32 wt %. The mixtures were stirred for one day followed by sonication for 2 h in a sonicator bath. Free-standing films were cast by evaporation of toluene at room temperature from the homogeneous solutions and subsequently melt pressed at 100 °C and 1 t. The dielectric properties of the prepared films are shown in figure 4.
Synthesis of PANI nanoparticles
Chemical synthesis in aqueous phase of PANI nanoparticles was based on a literature procedure.16 Poly(styrenesulfonic acid) (M w = 80,000 g/mol) was used as polymeric stabilizer as well as dopant. The PSSA (24.22 g solution 18 wt % in water), water (100 ml), and aniline (2.16 g) were mixed together and stirred at 0 °C. To this, a solution of ammonium peroxydisulfate (2.76 g) in water (16 g ) was added at once. The reaction mixture was stirred overnight and let to warmup to room temperature. After polymerization, the particles were purified by dialysis in water using a cellulose membrane (ZelluTrans Roth, nominal filter rating 3500).
Synthesis of encapsulated PANI nanaparticles into PDVB
Encapsulation of the PANI nanoparticles by direct miniemulsion polymerization of divinyl benzene was achieved using the following procedure. The dispersed phase is an aqueous dispersion of PANI nanoparticles (6.4 g) containing DVB (the amounts are given in table 1), hexadecane as stabilizer, azobisisobutyronitrile as initiator. The continuous phase was composed of 0.1 g of surfactant in 18 g of water. The mixture was stirred for 1 h and then miniemulsified by ultrasonication for 180 s with a Sonics sonifier 750W Digital at 70% amplitude. To avoid polymerization due to heating, the mixture was cooled in an ice bath during sonication. The miniemulsion was subsequently transferred to an oil-bath at 75 °C. The aqueous phase containing the particles was washed several times with water by using a membrane. All the miniemulsions were carried out in deionized water. For all miniemulsion experiments, a sonifier (Sonics sonifier 750W) with 13 mm horn diameter was used.
Preparation of PDV encapsulated PANI nanoparticles composite
A solution of functional PDMS in toluene (25 wt %) was prepared. To this appropriate amounts of PDVB-encapsulated PANI nanoparticles and cross linker were added to obtain three different series of composite (23 %, 28 %, 33 %). The mixtures were ball milled for 10 min at 20 Hz (ball Ø = 3 mm). Free-standing films were cast by evaporation of toluene at room temperature. The dielectric properties of the prepared films are shown in Figure 6 .
CONCLUSION
We have demonstrated that the dielectric constants for Pcs having carboxylic acid groups strongly depend on the water content. This does not rule out the use of Pcs as fillers for high composite materials, but before this class of substances can be used, fabrication issues of actuators as well as the possible use of imidazole to replace water have to be considered. It was also shown that high values can be achieved when a PS-g-PB gel is blended with increasing amounts of PANI. However the blends were too conductive and could not reasonably be used as actuators. Finally, PANI nanoparticles were successfully encapsulated into PDV insulator. According to SEM investigations the average particles size is between 200-280 nm depending on preparation. The dielectric constant at low frequency of PDMS was increased from 2.3 to around 5 when blended with these particles. However, due to the high amount of particles required to achieve this effect, the modulus of the matrix increased.
